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An Analysis of Contemporary Printed Wiring Board 
Manufacturing Environment in the USA 
Morris Driels and John Klegka* 
Department of Mechanical Engineering, Naval Postgraduate School, Monterey, California, USA and *Department of Civil and Mechanical 
Engineering, United States Military Academy, West Point, New York, USA 
This article presents" a comparative analysis" of contem- 
porary printed wiring assembly (PWA) batch manufac- 
turing systems employing surface mount technology 
(SMT). This analysis is accomplished by reviewing a 
typical case study of PWA rnanufacturing system in the 
USA. A previously developed model is then applied to 
the sys'tem to predict the cost and performance i#l the 
production of typical PWA designs. Various modifi- 
cations to the system are then proposed attd evahtated. 
From the case study, conclusions concerning optimum 
manufitcturing system configuration Jor this itMttstt3, 
can be drawn and are presented. 
Keywords: Electronic assembly; PWB; Manufacturing 
costs 
1. Overview 
In this article, a cost and performance model previously 
developed [i] is applied to case study of an actual 
printed w,'iring assembly (PWA) batch manufacturing 
system. The first author visited live different printed 
PWA manufacturing plants located in Texas, New 
York, and New Jersey. The PWAs manufactured in
these plants are used in a variety of products mchiding 
computers, radars, consumer electronics equipment, 
aitd industrial test and control equipment. The products 
arc used for both civilian and military applications. It 
is felt that the case study presented in the paper 
represents an average view of all the plants visited and 
analysed, and is also indicative of the US PWA 
manufacturing industry. 
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2. PWA Manufacturing Systems 
A wide variety of PWA manufacturing systems may 
be observed throughout the industry. These systems 
have been developed to operate efficiently in specific 
areas of the PWA mannfacturing environment as 
determined by factors such as technology, production 
volume, design complexity, component types, and 
product life span. In the area of surface mount 
technology (SMT), for example, considerable stan- 
dardisation has been achieved in interconnect methods, 
component shapes and packaging, and substrate design. 
As a result, a wide variety of SMT products are 
nlanufactured using very similar assembly systems. In 
order to accurately predict the costs associated with 
operating these systems, tl3cy must be modelled on a 
dctai{ed basis. To obtain the needed detail, models 
have been developed in which the total system is 
decomposed into individual modules. 1'he individual 
modules are analysed to model the cost and pefl:orm- 
ante of each station [l]. 
A PWA nlanufacturing system usually consists of a 
series of automated and manual assembly zinc] process 
stations. The stations may be connected by an atttomatic 
or manual transfer device which moves the partially 
completed PWAs through the system. Each PWA 
follows a relatively fixed path through the nlanufactur- 
mg system. A typicul assembly system consists of a 
solder paste dispenser, one or more antomatic ompon- 
ent placement machines, one or more manual inspec- 
tion and placement station~, a solder reflow station, a 
cleaning station, and a test, diagnosis, and rework, 
station. 
3. Manufacturing Cost Model 
The manufacturing cost model has the general form 
shown below, Cpr, the cost of manufacturing one 
PWA, is given by 
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Cp~ = CI + CA + CTDR (1) 
where 
CI is the sum of all inventory terms 
CA is the sum of all assembly terms 
CTDR is the sum of all test, diagnosis, and rework 
terms 
All of these cost terms are analysed in detail in [1]. 
The general form of the assembly cost model is 
described below. We will look at this model briefly 
here as it is the basis of both the assembly cost terms 
and the test, diagnosis, and rework cost terms. 
4. Assembly Cost Terms (CA) 
The total assembly cost per completed assembly, CA, 
is composed of terms to account for the cost of set-up 
and assembly at each station of a multi-station assembly 
system. In general, then 
CA = ~ CA, (2) 
i - I  
where s is the number of stations in the assembly 
system and CA~ is the set-up and assembly cost incurred 
at assembly station i. 
To develop a cost model for a PWA assembly 
system, we must develop cost terms for each station. 
The general form for these cost terms is 
CAi=tpn W,,+ SQ]  (3) 
where 
CAi Assembly cost per completed assembly incurred 
at station i
tpr, Average production time of acceptable assemblies 
at station i
W, i Total operator and engineer wage rates associated 
with station i
Mi Total equipment capital cost (including overhead) 
W Average assembly operator rate (including 
overhead) 
S Number of shifts worked 
Q Equivalent capital cost of one operator on one 
shift 
Although this model follows the concepts developed 
by Boothroyd [2], we will adapt the general form of 
the assembly cost equation, shown above, to each 
station considered. 
The amortised equipment cost used in this model is 
based on the expression WM/SQ. The difficulty in 
using this expression lies in the determination of Q, 
which may be thought of as the amount that can be 
spent on capital equipment to replace one worker on 
one shift. Not only is it difficult to quantify this term, 
but firms are understandably reluctant, from a labor 
relations viewpoint, to talk about replacing workers 
with machines. 
Therefore, let us consider an alternative formulation, 
suggested by Boothroyd [3] and Fan [4]. We begin by 
establishing a payback period, N, for the equipment. 
This concept is widely used in US business. It is easy 
to understand and it puts (unquantified) emphasis on 
early return of capital. On the other hand, the payback 
method ignores the time value of money, tax effects, 
and the effect of production (cash flows) occurring 
after the payback period [5, 6]. 
Once we have determined the payback period, we 
determine the number of seconds the machine is 
available to work in the payback period. For S shifts 
worked, N years multiplied by 50 weeks per year 
multiplied by 40 h per week multiplied by 3600 s per 
hour yields 7 200 000. NS per shift-year. For machinery 
costing M dollars, the equipment rate is just 
M 
7 200 000 us $/s (4) 
Thus W/SQ and 1/(7 200 000 NS) are equivalent factors 
that convert equipment cost to an equipment rate per 
second. 
The general assembly cost expression then becomes 
+ Mi 
CAi=tPr'( W~' 7 200000 NS) (5) 
Alternatively, Q may be estimated by 
Q = 7 200 000 NW (6) 
Assembly cost at each station is the product of the 
time to assemble, tpr, and the wage rate of the 
personnel and equipment involved at the station, (W, 
+ WM/SQ). While the costs of some support personnel 
(an engineer or a control programmer, for example) 
can be included if they are involved with the station 
on a regular basis, in general overhead costs are not 
included in this model. These indirect costs must be 
included at each station by the analyst using whatever 
method is appropriate for the firm. 
A typical way to include these indirect costs is by a 
multiplier which is applied to the appropriate term in 
the station cost equation. For example, the cost 
associated with each station may be doubled to include 
the effect of indirect costs incurred in operating the 
manufacturing facility. The key point is to choose an 
appropriate strategy so that indirect costs are allocated 
against he processes that incur them. Thus, an across 
the board cost multiplier may not be appropriate. 
Since these methods will vary from firm to firm, no 
attempt is made to include overhead explicitly in this 
model. 
The assembly system described above was designed 
to assemble efficiently the average product mix 
expected. The cost model describes the assembly costs 
associated with a balanced assembly line, one in which 
all values of tpri are equal. In other words, each 
assembly station is producing PWAs at the same rate. 
Since each PWA lot is different, however, with a 
different mix of components, the assembly line is never 
balanced. In fact, the line is paced by the slowest 
assembly station or by the largest value of tpr i. The 
result is "idle time" on some assembly machines. The 
cost of this idle time must be borne by the product 
being assembled. 
The implication for the model is that the cost of 
machine idle time must be included in the cost of 
assembling the PWA. To do this, the CA~ terms must 
be calculated using the largest value of tpr i. In other 
words, the cost model becomes 
+ ( wM4 CA = ~tMax Wti + (7) 
~:t  SQ / 
where 
tMAX Largest value of tpr i for the PWA being produced 
The production engineer will be interested in the 
predicted values of tpr * for each station. These values 
will show which station will pace the assembly line and 
where the effort for product redesign should be placed. 
Before the PWA assembly system is acquired, the line 
will be configured for maximum production efficiency. 
But once the assembly system is installed, any changes 
require major capital investments. Thus, the assembly 
system is fixed for new PWA designs and the designs 
must be altered to fit the assembly system, not vice 
versa. In general, therefore, compatibility with the 
available assembly system is one criterion upon which 
PWA design alternatives must be evaluated. We will 
now look at the case study in detail. 
5. Case Study 
Firm B is using two similar but separate surface mount 
component (SMC) assembly lines in this production 
system. The first assembly line, Line 1, is set up 
to give maximum production rates. This line is 
characterised by a set of rigid design rules that PWA 
design candidates must meet before they will be 
assembled on this line. Line 2 is used to build all 
PWAs that cannot be assembled on Line 1. PWAs can 
be shifted from Line 1 to 2, and *,'ice versa (if they 
meet the constraints), in order to optmise total 
production. The main decision criterion is. however. 
whether or not the PWA design is suitable for assembly 
on Line 1. 
Line 1 consists of nine separate stations connected 
by a transfer system. See Fig. 1 for an illustration of 
this system. The first station is a solder screening 
machine which applies the solder paste to the base 
board. The solder paste serves as an adhesive to hold 
the SMCs in place during assembly and, when heated, 
makes the electrical connection. The screening process 
takes about 15 s per board. There is a 10 min set-up 
time delay to change from one type of PWA to another 
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Fig. 1. Firm B. 
(to change the pattern of solder paste application). Up 
to 20 base boards can be prepared and stored at 
Station 1 before entering the assembly system. 
The next two assembly stations, 2 and 3, in Line 1 
are two high-speed Panasonic Mr assembly machines 
(chip shooters). Station 2 handles commonly shaped 
8 mm and 12 him taped components. The next machine 
inserts other 8 mm and 12 mm taped components that 
have less regular shapes. These two machines each can 
have up to 100 separate component types in a carousel 
part feeder device. A rotary workhead carrier carries 
ten workheads through a cycle of grasping the SMC 
from a feeder, aligning the SMC, measuring the SMC 
(as a partial identilication technique), and placing the 
component in position on the base board. Both the 
part feeders and the base boards are moved to the 
workheads. Workheads move vertically and may be 
oriented about the vertical axis. During the part 
grasping cycle, the workheads move m a fixed circle 
that has nothing to do with part location. The x-y 
table that locates the base board for each SMC 
placement does so with essentially no error. 
Stations 4 and 5 each consist of a Panasonic Ma 
pick-and-place assembly robot. The robots have two 
workloads fixed together in a gantry mechanism. These 
machines handle larger tape-fed SMCs. They are 
configured for 24 and 16 different SMC types, respect- 
ively. Stoppages are handled the same way as for the 
Mr assembly machines. 
Station 6 is an Adept SCARA robot which can 
insert up to 55 separate component types. The robot 
can change grippers as needed to grasp different parts. 
This station is used to assemble non-standard parts. 
The robot uses a vision system to inspect, identify, 
and orient the parts. 
A human inspection and assembly station is located 
at Station 7. The operators conduct a visual inspection 
to detect obviously missing parts. They may also 
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assemble non-standard parts that cannot be assembled 
at another station. This station seems not really to 
constitute a test activity. It is much more oriented to 
non-standard part assembly. Future plans call for 
supplementing the workers with a vision-based inspec- 
tion system. 
Stations 8 and 9 are the oven and cleaning stations, 
respectively. The oven reflows the solder paste to form 
the electrical connection. The freon cleaning station 
removes impurities, especially solder flux, deposited 
during the manufacturing process. 
Once the assembly stations are complete, the PWAs 
move to a test and rework facility. Here each PWA 
receives an in-circuit est to verify that all components 
are present, are the correct components, and are 
connected electrically. Any PWA that fails this test is 
pulled and repaired. 
Two other tests occur: a function test and a system 
test. The function test checks to see whether or not 
the individual electrical components are functioning 
within the specified tolerances. The completed PWAs 
then are assembled into the final devices (a communi- 
cations switching system) and the system is tested to 
ensure that it functions properly. Completed evices 
may then be sent to customers or the PWAs may be 
individually packaged as repair parts. 
The other assembly line, Line 2, is composed of the 
same type assembly machines (less the SCARA robot). 
On this line, greater tolerance is allowed in the design 
variables. For example, PWA width is allowed to vary, 
affecting the separation of the transfer rails which must 
be manually adjusted. Line 2 is intended for lower 
volume production and to help optimize the output of 
Line 1. 
Line 1 is characterised by less human intervention. 
An integrated data system transfers design information 
such as part identification umbers and required 
locations directly to the assembly system control 
computer. This computer then commands the assembly 
of each PWA as it comes through the assembly system. 
Thus, in theory, design changes could go straight o 
the assembly system without human involvement. The 
control computer could notify the project manager of 
problems uch as part types unavailable in the part 
feeders. In practice, human involvement in a design 
change is typically two-fold: control programming and 
test programming. A programmer spends about two 
hours loading the data base for the design change into 
the control computer and verifying that all required 
parts are available and that the assembly system is 
able to do all assembly tasks. The test programmer 
may spend considerable time developing the test 
programs. This time will depend on what is required 
of the new test. Typically, 2 h are required to modify 
the test program involved with a minor design change. 
Production runs on Line 1 are usually composed of 
lots of about 20 PWAs of a single type. Then the line 
will produce 20 of another PWA type. This sequence 
allows a steady supply of all the different PWA types 
to be available for assembly into systems. The systems 
tests can be conducted continuously, and a steady 
supply of completed evices is produced. The key 
feature here is that Line I is producing a large number 
of PWAs in small batch size with frequent changes. 
Since this system is highly automated, there is little 
benefit in cost reduction to be obtained through 
further automation. With the current configuration, 
components can be placed for about 4 cents each as 
indicated by the spreadsheet. 
The effect of using distributed rework was investi- 
gated. The additional workers raised the assembly cost 
to 4.7 cents per component. But if the fault rate 
can be lowered from 0.005 to 0.0045, then the 
manufacturing cost (including rework) goes from 25.7 
to 25.1 cents per component. 
6. Conclusions 
The conclusions presented in this section represent a
distillation of key aspects of the PWA manufacturing 
industry. The intent of this section is to present a 
series of significant observations which, it is felt, would 
guide an individual in understanding the nature of this 
industry. Ideally, someone thinking about entering 
PWA manufacturing could gain an idea of the type of 
manufacturing system that would be required. 
6.1 Discussion of Model 
The cost and performance model presented in the 
previous paper was developed to predict costs associ- 
ated with the station by station operation of a limited 
class of manufacturing systems. These systems are 
characterised bya collection of sequential process teps 
in which the path through the system is fixed and in 
which the cost incurred at each station may be 
calculated independently of the state of adjacent 
assembly stations. In particular, the assembly systems 
described must contain enough buffer spaces between 
the various stations o that minor stoppages on one 
assembly machine do not affect the operation of 
adjacent machines. These conditions describe a wide 
variety of assembly systems in the PWA manufacturing 
industry. 
The model is only concerned with modelling the 
process of attaching fairly standardised components on 
a clearly defined substrate. The resulting product is 
defined as a printed wiring assembly. It is certainly 
possible to imagine the inclusion of SMCs in a variety 
of electromechanical devices in a manner inconsistent 
with the model. If, for example, a family of universal 
assembly machines is developed which allows PWAs 
to follow multiple paths through the system, then the 
cost of assembly must include the effect of the state 
of the assembly in terms of how much of its capacity 
is occupied at any time. This conceptual family of 
universal assembly machines does not, as yet, exist. If 
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it is developed, then the PWA assembly system will 
resemble a flexible manufacturing system. If this is 
the case, then applicability of the model must be 
questioned, and alternative cost models may then be 
applied to the problem [7]. 
A wide range of significant cost factors are specifically 
excluded from consideration in this model. Costs 
associated with the components themselves, the cost 
of research and development, sales and distribution 
costs, and costs of a maintenance and repair of fielded 
systems are not modelled. Other models, such as 
Keys's model [8], may be applied to account for these 
terms. The present model should be applicable within 
these other models, however, to provide the detailed 
assembly cost information required. Conceptually, 
then, this model would function as a subroutine to a 
global model like Keys's. 
The cost model describes only direct costs incurred 
on the assembly floor. Not included, but important, 
are indirect costs incurred to support he manufacturing 
function. These costs may include the data processing 
and communications system required to tie together 
the manufacturing system, for example. The user of 
this model must account for the indirect costs in a 
manner which is appropriate for the particular situation 
being considered. 
Non-linear effects which derive from factors such as 
the interaction of assembly machines with one another 
have been excluded as discussed above. In addition, 
significant cost reduction occurs throughout he life 
cycle of a product as learning takes place within the 
manufacturing environment. While the purpose of 
manufacturability guidelines is to encapsulate the 
process capabilities so that designers create designs 
that are capable of being manufactured, it is clear that 
the initial production run of a PWA design will often 
have a very low first pass yield (FPY). This FPY will 
rise quickly over time as the easily corrected problems 
are identified and fixed. For example, FPY may be as 
low as 20-40% on the first production run. Within two 
months, it may have risen to 70%, and, after six 
months may have become stable in the 85-95% range. 
Clearly, it is important o have this intormation. 
The effect of learning depends on many factors. 
These factors include 
The utility of the manufacturing guidelines: accuracy, 
completeness and ease of use 
The complexity of the design 
Similarity of the design to previous designs 
Because these factors will be different in each firm, 
it is felt that this problem must be dealt with on an 
individual basis. Thus the model presented here 
considers the fault rate to be fixed at any specified 
time for a given production lot. As subsequent lots 
are produced, this fault rate should decline to some 
steady state value. But, within a single lot, the 
value is fixed. Obviously, if very large lot sizes are 
manufactured, this assumption must be questioned. 
A major effect not considered by the model is the 
effect of the costs incurred in the manufacturing 
process on the overall financial picture of the firm. 
Previously discussed has been the question of overhead 
costs and tax effects. It must be emphasised that the 
manufacturing operation is only one aspect of the 
overall system that is the firm. The firm, in turn, must 
function within the national and international systems. 
Thus a key issue, raised here but not resolved, is how 
to map the firm's financial model into the cost model 
presented. The goal of the cost model is to provide 
detailed information on how cost elements are gener- 
ated in PWA manufacture. Based on the data used in 
the model, conclusions may be drawn concerning 
equipment and process techniques to use. These 
conclusions must be viewed in light of their effect on 
the rest of the firm. 
Finally, the systems modelled represent a broad 
range of PWA manufacturing systems. These systems 
fit into a larger manufacturing spectrum. The systems 
modelled are involved in batch production although 
the total production volume may be quite large. At 
opposite ends of the spectrum are mass production 
systems which may make millions of copies of the 
same PWA per year and one-off production of items 
such as space vehicles. Extension of this model into 
the extremes of the spectrum must be done carefully. 
6.2 Observations Regarding the Industry 
6.2. 1 PWA Assembly is Unlike Mechanical 
Component Manufacture and Assembly 
PWA manufacture is charactcrised by a relatively small 
number of part types assembled by a limited number 
of assembly machine types onto a few similar substrate 
materials. As such, PWA manufacture is seen to be a 
subset of the universc of manufacturing systems. One 
notices, for example, that very similar systems are 
used effectively over a wide range of volume and lot 
size production. Significantly, component price has 
little effect on the ease of assembly of those con> 
poncnts. One integrated circuit package is very much 
like another, the difference in price being driven, in 
large part, by market forces. Thus, the effect of part 
cost on the ease of assembly seen in mechanical 
component manufacture is absent in the PWA industry. 
See page 206 of [21 for a disct,ssion of the effect of 
part cost on ease of mcchanical component assembly. 
6.2.2 Flexible Manufacturing System (FMS) 
Analysis is Inappropriate for PWA Assembly 
System Analysis 
FMS analysis must consider choosing among multiple 
paths through manufacturing or assembly systems. The 
best path depends, in part, on the state of the system 
which is changing as the work load changes. PWA 
manufacture, on the other hand, is a fixed cycle of 
placement, solder, clean, test, and rework which 
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results in a single, sequential, somewhat deterministic 
manufacturing process. Scheduling of production lots 
through the assembly system can benefit from FMS 
analysis, particularly in the case of multiple, parallel 
assembly systems which are implemented as islands of 
automation. When considering a single manufacturing 
system, the linear cost model is adequate to identify 
the sources of cost elements, to predict the cost of 
manufacturing PWAs on various system configurations, 
to evaluate the economic benefits associated with 
various machines and strategies, and to estimate the 
likely performance of the manufacturing system. 
The model presented in this paper may also be 
used to identify bottlenecks caused by the slowest 
manufacturing stations for PWA design being prod- 
uced. This information may be used to modify the 
manufacturing process, within the limits of the equip- 
ment, to reduce manufacturing time. In addition, it 
provides a way to quantify the benefits (in terms of 
reduced manufacturing costs) that can be derived from 
PWA design changes adopted to reduce manufacturing 
time. 
6.2.3 Automated Assembly Equipment is 
Economically Justified m PWA Manufacture for a 
Wide Range of Production Volume 
In general automated placement and soldering is more 
economical than using manual methods in PWA batch 
manufacture. This effect may be observed in the case 
study presented. In looking at Firm B, the assembly 
cost per component is $0.040 at a production volume 
of about 240000 PWA per year. Clearly, if a lower 
production volume is required, then the assembly 
system would be idle. If this cost is to be spread across 
a fewer number of PWAs then the cost per PWA will 
increase. Therefore, it is seen that a given automated 
assembly system has a minimum assembly cost as noted 
in Fig. 2, while manual assembly methods have been 
a relatively fixed cost across a wide range of production 
volumes. However, the automated system, if optimised 
for the expected production volume required, yields a 
lower cost in the area around its optimum. With a 
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Fig. 2. Mechanical component manufacture. 
with frequently changing all component feeders is very 
high. In this case manual assembly is preferred as a 
more economical option. 
6.2.4 Distributed Rework is Economically 
Justified in Virtually All PWA Manufacturing 
Situations 
Distributed rework is useful when the FPY of the 
manufacturing process is relatively low and when this 
yield can be easily increased by the in-process efforts. 
As the easily corrected defects are eliminated, the 
situation changes. The process yield should increase 
and the defects hould become more costly to rework. 
The result will be a situation where distributed rework 
is no longer .justified. 
The effectiveness of distributed rework systems has 
been discussed elsewhere [91 . It was noted that, due 
to the large number of solder joints and the importance 
of the solder joint to the function of the PWA, that 
yields of the solder process can easily be in the range 
of 60-80%. The cost of diagnosis and rework on these 
faulty PWAs is, in many cases, greater than the cost 
of assembly. Thus, activities which reduce the fault 
rate can have significantly impact on the per unit cost 
of manufacture. It is important o recognise that these 
activities are costs which add no value to the satisfactory 
PWAs which have been produced. They only reduce 
the burden of a more expensive non-value added 
activity. The goal should be to eliminate the need for 
in-process inspection through better design and process 
control. Whether, m the near future, this goal is 
achievable is questionable. The use of on-board vision 
systems in assembly machines improves component 
positioning accuracy at the expense of assembly time. 
One would expect the result to be a higher assembly 
cost but lower total manufacturing cost through reduced 
rework. As finer-pitch devices become available, 
however, it remains to be seen whether these devices 
will be able to achieve the performance required. 
6.2.5 Manual Involvement is Found in Most 
PWA Manufacturing Systems 
The manual assembly station continues to be the most 
flexible and the most error-prone lement of the typical 
PWA manufacturing system. The assembly force is 
regarded with both pride and consternation at the 
firms visited in the case studies. The pride is due to 
the ability of the workers to move from station to 
station in the manufacturing facility and to handle a 
wide variety of tasks from machine operator to rework 
technician. The value of assembly workers as a source 
of solutions to assembly problems is stressed. In most 
cases the work force is is carefully selected and trained 
with a view to retaining them in a long term employment 
arrangement. At the same time, the manual assembly 
station is regarded as a major source of assembly 
problems. The repetitive nature of the assembly process 
is partly to blame for this situation. It is very difficult 
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for a human being to carry out the same action time 
and time again without becoming bored. One of the 
major advantages of automated assembly is the ability 
to perform these actions without losing interest. In 
addition, it is very hard for a human to carry out these 
repetitive actions in the same way each time. The 
action may be accomplished, but the variation will be 
quite large, making process control difficult. However, 
the PWA manufacturing facility seems likely to contain 
both manual and automated stations for the forseeable 
future. In addition, people will continue to be involved 
in operating the assembly equipment used in this 
industry. The emphasis, however, will be on highly 
trained and responsible personnel who can work in a 
variety of tasks within a short period, who are oriented 
toward spotting problems as they develop, and who 
will take action to solve those problems. These 
requirements describe a worker quite different from 
the traditional blue-collar factory employee. At the 
same time, these workers require a management system 
responsive to their needs and abilities. 
6.2.6 The Most Economical Assembly System is 
Obtained when Enough Manual Assembly 
Personnel are Provided to Reduce the Maximum 
Station Time to the Value of the Slowest 
Assembly Machine 
For a given PWA assembly system there exists an 
optimum production time (hence production volume) 
for each PWA design that is to be made on the system. 
As noted above, automated assembly systems are 
more economical than manual assembly in PWA 
manufacture, but this observation is true only for the 
production volume in the vicinity of this optimum 
point. Fo, a fixed assembly system, the lowest assembly 
cost occurs when all assembly stations have the same 
value of tp~. In this case the assembly system is balanced 
and each station is fully utilised. In practice, this 
situation almost never occurs, particularly in batch 
manufacture of PWAs. In this industry, assembly 
stations will experience idle time in the production of 
some PWAs. Because of the mix of components found 
on various PWA designs, the idle time will vary from 
design to design, both in magnitude and in distribution 
on the various assembly machines. 
A typical PWA assembly system consists of a mix 
of manual and automatic stations. The number of 
components that can be placed at each automated 
station is fixed by the type of workheads and part 
feeders available on the machine, although some 
overlapping capability exists among machines. In 
general, however, the only stations that offer much 
flexibility in assembly time are the manual assembly, 
inspection, and touch-up stations. The ability of 
workers in this industry to accomplish many tasks 
allow them to be moved to various locations on the 
assembly line where their efforts are most needed. 
The question, then, is where to position these workers 
and how many to place at each manual station. 
Once the mix of components i  known, the assembly 
system must be balanced as well as possible given the 
limits of the manufacturing equipment. If the system 
has been modelled using the cost and performance 
model presented in this dissertation, it is then possible 
to observe which assembly station has the maximum 
value of tpr. This station will pace the assembly system 
during production of this particular lot. In order to 
minimise assembly cost, it is necessary to minimise the 
idle time experienced by the automated equipment. If
the pacing station is a manual station, then additional 
workers should be added to that station so that tp~ of 
all manual stations is approximately equal to that of 
the slowest automatic assembly station. Using the 
spreadsheet, it is a simple matter to vary the number 
of manual workers in this vicinity and observe the 
lowest total assembly cost. 
6.2. 7 An Automated Rework and Repair Facility 
Appears to be Feasible and Economically 
Justifiable 
All elements of an automated rework system exist 
elsewhere in the PWA manufacturing system. The fact 
that, with current process capabilities, rework appears 
to be an integral part of the total manufacturing system 
provides motivation to examine the possibility of 
automnating the process. The main benefits to utilising 
an automated rework process are considered to be: 
1. Reduction in total manufacturing cost through 
reduced diagnostic osts 
2. Improved process control through automation of 
an existing manually intensive process 
Indeed, it is benefit 2 that is currently driving equipment 
manufacturers to provide PC controllers to the existing 
rework equipment. 
As future assembly methods, such as tape automated 
bonding and chip on board, come into use, the ability 
of humans even to perform the rework function at all 
comes into question. With increasing fine-pitch devices 
and new attachment methods, computer controlled 
mechanical rework stations will become more 
important. As with most innovations in the PWA 
manufacturing industry, market forces will drive this 
development effort. Clearly the potential exists to 
implement his technology in both the manufacturing 
environment and the repair environment. 
6.2.8 In Batch Production, Lot Sizes of 10-50 
are Economically Justifiable 
With the type of assembly machines available for 
PWA manufacture, the effect of frequent changes in 
production lots is less significant than might be 
expected. While it is true that set-up time can be 
significant. It is also true that in this case all set-up 
time was concentrated at one assembly station. If one 
looks at a typical system, the set-up time is spread out 
over several assembly machines, resulting in a lower 
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total set-up time as set-up is carried out concurrently 
at the various stations. When this effect is coupled 
with the fact that many assembly machines experience 
idle time due to line imbalance where the line is paced 
by tMAX, then the set-up time penalty really only 
applies at that pacing station. For the other, faster 
stations there is essentially no penalty for set-up or, 
for that matter, for the number of components 
assembled at those stations. As long as the line is 
operating as efficiently as possible for the lot being 
produced, i.e., as long as the correct distribution of 
assembly workers is made, then relatively small lot 
sizes have the effect of reducing the set-up penalty to 
insignificance. This observation is even more pro- 
nounced when the total manufacturing cost, Cpr/n is 
considered. In this context, where assembly costs may 
be less than half of total manufacturing cost, the effect 
of small lot sizes is reduced further. Thus one observes 
small lot sizes in the range 10-50 regularly in the 
industry. 
The advantages associated with this small lot pro- 
duction follow from the firm's ability to react quickly 
to changes in the marketplace, design, or technology. 
Just-in-time production and inventory techniques 
become asier to implement as lead times are reduced. 
Smaller production lots may also imply smaller, less 
complex assembly systems which can be distributed 
widely across the nation or around the world. Linked 
by telecommunications to a central design and develop- 
ment agency, these distributed manufacturing centres 
can be tailored to meet local needs and conditions. 
6.2.9 Cpr/h is the Significant Parameter to be 
Used in Comparing Manufacturing Options for 
PWA Manufacture 
Throughout his study there has been emphasis on 
evaluating the manufacturing process from a system 
level. Clearly, an arbitrary box has been drawn 
around the manufacturing system excluding certain cost 
elements. With this limitation in mind, it is apparent 
that the parameter that must be used for comparing 
different options is the highest level cost evaluated, 
namely  Cpr/n on a per component basis or Cr, r on a 
per PWA basis. Use of this parameter insures that all 
the cost elements contained in the model are used 
when making comparisons. In addition, it shows the 
significance that improvements to one part of the 
process have on the overall process. 
For example, if one desires to reduce assembly costs, 
an obvious place to start is by eliminating the in- 
process inspection and touch-up found on many 
systems. However, while the assembly cost will cer- 
tainly decline, the total manufacturing cost may well 
rise dramatically due to the effect on the fault rate 
and thus on diagnosis and rework costs. This leads to 
the following observation. 
6.2. 10 Resources Expended to Make PWAs 
Easier to Test and Diagnose May Provide More 
Manufacturing Cost Reduction than Those 
Expended to Make Them Easier to Assemble 
Anything that reduces the cost of diagnosis and rework 
can potentially reduce total manufacturing costs. 
Included in this effort are design changes uch as more 
test nodes, internal test circuits, and more sophisticated 
components. If a decrease in CTDR or an increase in 
FPY results, then Cor/n will decline. While it is 
obviously beneficial from the viewpoint of the manufac- 
turing system, the effect on the total production cost 
must also be considered. 
7. Future Work 
It is hoped that this study provides the motivation for 
continued research in this area. Clearly potential exists 
to implement the knowledge gained in an expert 
system. This system could then be used as an aid to 
decision makers involved in the establishment of PWA 
manufacturing systems or in the design of PWAs that 
must then be economically produced. 
The basic model was validated by feedback from 
personnel engaged in production management and cost 
management for SMT PWA manufacture. The model 
appears to work well as a comparative tool to measure 
one manufacturing system against another. What 
remains to be done is to validate the model in an 
absolute sense. It is desirable to extend the model to 
include indirect costs so that the Cp~ value obtained 
represents the total cost to the firm. 
Perhaps most immediately useful is further work on 
the conceptual automated rework facility. The industry 
seems to be moving in this direction for inclusion 
in manufacturing systems. The US government is 
interested in this type of device for the more challenging 
problem of repair to fielded systems. 
The PWA manufacturing environment is wide rang- 
ing and dynamic. The industry is becoming involved 
in a larger part of the world industrial system as the 
use of PWA becomes more widespread. As a result, 
opportunities seem great as the US moves to achieve 
the factory of the future. Many PWA manufacturers 
are close to achieving this goal. It remains to be seen 
how well the experience gained is applied across the 
rest of the manufacturing industry. 
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